The formation of Co magnetic moment in the paramagnetic phase of GdCo 2 has been studied by means of first principles calculations. The introduction of impurities in the transition metal-rare-earth Laves phases leads to changes in the density of states of the transition metal 3d band. In this paper, we calculate the electronic structure of GdCo 2 system (a C15 unit cell) with an interstitial impurity (Ti). Calculations show that local disorder introduced by the impurity shifts the Fermi level in such a way that Co 3d up and down states split. This result suggests that local disorder may be responsible for the formation of Co moment in this system. To deepen this phenomenon, we have considered the antisite substitution of a Gd atom by a Co within the unit cell, which is the most common defect in the Laves phases. Calculations show the formation of magnetic moment in the Co atom at the substituted site as well as in their nearest Co atoms, similarly to the observed in the systems with the interstitial impurity. Our results are compatible with the reported x-ray magnetic circular dichroism measurements performed in the RCo 2 family of compounds.
I. INTRODUCTION

B
AND structure calculations have provided key concepts to understand the role of 4f and 3d states in the itinerant electron metamagnetism observed in RCo 2 systems [1] , [2] . Both theoretical and experimental results show that the itinerant electron bands are in the limit to give rise spontaneous magnetic polarization, while the magnetic susceptibility of RCo 2 (with R, a heavy rare-earth atom) follows the Curie-Weiss law [1] , [3] - [5] . As the 3d band is partially filled, the Stoner criterion is almost satisfied. In YCo 2 systems, calculations show that the Fermi level lies in a decrease of the density of states curve [1] . When the yttrium is replaced by a lanthanide, the molecular field created by the rare-earth moves the Fermi level of the spin up and spin down bands [1] . The exchange splitting at the Fermi level in the paramagnetic system of itinerant electrons is responsible for an energetically favorable transition to bulk magnetization near the ferrimagnetic transition [2] . This phenomenon is found so long as there is an overlap between two d bands of different widths, for example, in rare-earth transition metal compounds such as Y(Fe 1−x Ni x ) 2 where the system is doped with a second transition metal [6] .
Although the magnetic properties of RCo 2 have been thoroughly studied for decades, a new magnetic phase diagram for RCo 2 has been recently proposed as a result of x-ray magnetic circular dichroism (XMCD), and small angle neutron scattering measurements and ac magnetic susceptibility [7] - [9] . The phase diagram shows parimagnetism [7] , an unusual magnetic configuration above the critical temperature (T > T c ) of a ferrimagnetic system in which the net magnetization of each sublattice is antiparallel under an applied magnetic field. The combination of XMCD and ac susceptibility measurements shows the intrinsic nature of magnetic moment of Co atoms in these systems [7] . The parimagnetic configuration has also been studied in single crystal samples by means of polarized neutron diffraction (PND) [9] . However, parimagnetism in the single crystal holds up to near to room temperature, in contrast with the XMCD results obtained from polycrystals [9] . The discrepancy in the temperature dependence of the Co net magnetic moment from XMCD and PND suggests that parimagnetism may be (at least partially) dominated by sample microstructure. The effect of sample structure and defects on the Co magnetic moment in RCo 2 compounds has been reported recently [10] , [11] . Low field magnetization measurements and ac susceptibility in Ti doped ErCo 2 have shown that Ti inclusions contribute to the formation of intrinsic Co moment in this system [10] , [11] . In addition, the introduction of impurities in pseudo-binary alloys Y(Fe 1−x Ni x ) 2 and YCo 2 leads to a shift in the Fermi level [1] , [6] . If the impurity decreases the number of transition metal electrons, the Fermi level is shifted to lower energies and the paramagnetic susceptibility is increased. The cobalt 3d band of YCo 2 becomes magnetic, depending on the type and impurity concentration (Al, Fe) [1] . In contrast, an impurity adding electrons to transition metal 3d band yields a decrease in the paramagnetic susceptibility. In that case, the compound is paramagnetic for any impurity concentration.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. phases, we have studied the formation of Co moment in the disordered phase of GdCo 2 under two types of local disorder within the C15 ideal structure: 1) the introduction of a Ti atom at an interstitial position within the unit cell in the Fd3m symmetry and 2) the antisite substitution of a Gd atom by a Co one, because this is the dominant point defect mechanism observed in RCo 2 [12] , [13] .
II. CALCULATION DETAILS
First principles spin-polarized calculations have been performed in the GdCo 2 by employing the full potential augmented plan wave (FP-LAPW) method implemented in the Wien2K code. The states that are deep in energy (more than 6 Ry below Fermi energy, E f ) and whose charge is entirely confined inside the corresponding atomic sphere are defined as core states while band-states always have a significant amount of charge outside the spheres. The core states are treated with relativistic corrections while the valence states are expanded in the LAPW basis. The exchange and correlation functional has been defined by the GGA Perdew-Burke-Ernzerhof exchangecorrelation functional including also the Hubbard parameter U . The GGA + U approach sets correctly the energy separation between the 4f bands. The Hubbard parameter U and exchange interaction for localized Gd 4f electrons are well known from X-ray photoemission spectroscopy [14] , namely U = 6.7 eV and J = 0.7 eV. The electronic structure in the paramagnetic phase of GdCo 2 has been calculated assuming a cubic C15 crystalline structure. An initial zero net magnetic moment has been assigned to the Co atoms in the unit cell. For Gd atoms, the value of the magnetic moment in the unit cell is the one for the Gd free ion value Gd (7 µB). The sign of magnetic moment for each Gd atom has been assigned in such a way that the net magnetic moment within the unit cell is zero. Self-consistency was obtained using 1000 k-points in the irreducible Brillouin zone in calculations of the cubic Fd3m symmetry. The effect of the substitution has been also studied for a supercell resulting from doubling of the unit cell in the x-direction, which reduces the antisite concentration. In more complex systems (supercell systems with P1 symmetry), 500 k-points have been used. The optimal lattice parameter, a = 7.22 Å, has been obtained from the minimum in the volume versus total energy plots, which is close to the experimental value 7.26 Å. This indicates that the Pedrew-Burke-Erzenhof potential used in this calculations closely reproduces the experimental lattice constant in GdCo 2 .
III. RESULTS AND DISCUSSION
A. Simulation of Paramagnetic GdCo 2
The paramagnetic GdCo 2 system has been simulated by assigning a zero net magnetic moment to a P1 unit cell with 24 inequivalent positions (which reproduces the Fd3m symmetry of the C15 crystalline structure). Total spin-polarized density of states, for GdCo 2 (left panel of Fig. 1 ) coincides with the reported band structure in [15] . The exchange splitting of Gd 4f band is about 12 eV, since the inclusion of Hubbard U potential pushes the 4f spin-up states well below E f and 4f spin-down states well above E f . Therefore, the Gd-4f states do not contribute to the DOS at the Fermi level. The following analysis is focused on how the DOS changes around the Fermi level depending on the inclusion of impurities or antisite. For this reason, we stick to U = 6.7 eV and do not extend our study and analysis in the variation of the U value. In the energy range from −4 to 2 eV, the DOS is mainly due to the Co and Gd d states. The states from −2 to 2 eV are due to the hybridization of Co 3d and Gd 5d states. The spin up Gd 5d and spin down 4f states are dominant for energies above 2 eV. Partial DOS for Co 3d band (middle panel in Fig. 1) shows that spin up Co states are dominant around the Fermi level. In addition, our calculations show that there is no Co magnetic moment, since for spin up and down the Co 3d DOS as a function of energy are identical. The Fermi energy crosses the steep decrease of the density of states, which is the fingerprint of the itinerant metamagnetism in the system.
B. Interstitial Impurity in the RCo 2 Cubic Lattice
Previous studies predict important changes in the Co 3d DOS due to the introduction of impurities in YCo 2 [1] . Therefore, it is reasonable to propose the introduction of impurities in the GdCo 2 system as a mechanism that modifies the Co 3d band. In addition, experimental studies show an increasing of the paramagnetic susceptibility on YCo 2 due to the addition of aluminium impurities [1] . The effect of an interstitial impurity on the Co 3d band is studied by placing a Ti atom at the position (0.5, 0.25, 0.25) within the C15 crystalline structure in the GdCo 2 system. Ti has been chosen since its radius is similar to the Co and its electronic configuration yields a reduction in the number of Co electrons [14] . Thus, depending on the Ti concentration, the Co atoms may become magnetic. In these calculations, we assume an antiparallel alignment between the Co and the Gd moments, while the direction of the Ti magnetic moment is parallel to the Co.
Similarly to the results obtained for GdCo 2 system without impurity, the spin-polarized DOS calculations performed on GdCo 2 with the Ti impurity show that the Gd 4f states appear at energies away from E f , as expected. Fig. 2 shows partial spin-polarized Co and Ti 3d, and Gd 5d DOS from left to right. The Gd 5d states give contribution to total DOS from −4.5 eV to well above E f . For both spin polarizations, the Gd 5d states are hybridized to the Co 3d states from −2.5 to 2.5 eV. Both spin up and spin down states contribute to the DOS at E f . The Co 3d states appear from 3.2 eV below to E f up to 2.5 above E f . The spin up Co 3d states are exclusively formed by occupied states mainly found up to −0.7 eV while the spin down Co 3d band extends from below (−2.5 eV) to above (2.5 eV) E f giving rise to an important contribution to the DOS at E f . The exchange splitting of the Co 3d band is about 1.4 eV. This is the main difference compared with the DOS calculations performed on GdCo 2 without impurity, in which there is no exchange splitting. Therefore, the calculated Stoner product for GdCo 2 system with Ti is ∼0.68. This suggests that the inclusion of the impurity acts splitting the up and down Co 3d states as well as shifting the Fermi level. The magnetic moment at the Co sites varies between 0.1 and 1.2 µB. In this system, the magnetic moment at the Gd sites is 7 µB.
C. Antisite Substitution of Gd by Co
Calculations from last section have shown that the inclusion of an impurity in the GdCo 2 has an important effect in the position of the Fermi level as well as in the value of the exchange splitting of the Co 3d band. Nevertheless, the nonstoichiometry in RCo 2 is mainly due to the antisite substitutions [12] , [13] . Therefore, it is plausible to consider the formation of local Co magnetic moment due to the substitution of R atoms by Co ones. In this section, we simulate the GdCo 2 system where the Gd atom at the (0.25, 0.75, 0.75) position is replaced by a Co atom. In those conditions, the impurity in this system is about 12.5%. We have also simulated a supercell by doubling the unit cell in the x-direction, for those calculations the impurity concentration in the system lowers to nearly 6.25%. Total and partial Co 3d spin-polarized DOS resulting from calculations for both concentrations, 12.5% and 6.25% are shown in Figs. 3 and 4 , respectively. The exchange splitting is strongly reduced by the lowering in the impurity concentration. In addition, the decrease in the antisite concentration also shifts the Fermi level Fig. 4 . Total (left) and partial Co 3d (middle) spin-polarized density of states resulting from calculations of paramagnetic state of GdCo 2 system including an antisite substitution of a Gd atom by a Co one. In this case, the unit cell has been doubled in the x-direction, therefore the antisite proportion diminishes to half. Blue line and red line represent the up and down DOS, respectively. Scheme of crystalline structure employed in the calculation (right).
to the steep decrease of the DOS. For a 12.5% of antisite concentration, the calculated value of Co magnetic moment at the substituted site is −1.96 µB. This value lowers up to −0.9 µB for a 6.25% of antisite concentration. The magnetic moment at the nonsubstituted Co sites varies between 0.3 and 1 µB. The magnetic moment at the Gd sites is ≈7 µB for both antisite concentrations.
IV. CONCLUSION
The formation of Co magnetic moments has been explored by performing first principles calculations. We have performed spin-polarized full-potential calculations of GdCo 2 systems with LSDA+U approximation. The inclusion of one Ti impurity at an interstitial position within the C15 structure, hybridizes the Co and Ti 3d bands. The introduction of interstitial impurity leads to the splitting of Co 3d up and down states and consequently the formation of magnetic moment at the Co sites. Calculations of a GdCo 2 system in which an atom of Gd is substituted by a Co one, show the formation of Co magnetic moment at the substituted site. The substitution has a similar effect as the introduction of a Ti impurity in the GdCo 2 cubic cell; the exchange splitting is increased as the Fermi level shifts to the maximum of the DOS in the spin up Co 3d band. A reduction in the antisite concentration also reduces the value of the magnetic moment at the Co sites within the unit cell. This suggests that lower concentrations of antisite defects may produce Co magnetic moments of the order of 0.1 µB per Co atom, in agreement with XMCD results on the paramagnetic RCo 2 phases.
